Genetic determinants of freckle occurrence in the Spanish population: Towards ephelides prediction from human DNA samples by Hernando, Barbara et al.
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Genotyping	 assays	were	 performed	by	 using	KASP	Genotyping	Chemistry	 (LGC,	Hoddesdon,	United	Kingdom).	 For	SLC45A2	 rs16891982,	 TaqMan	 technology	was	used	 (Applied	Biosystems,	Foster	City,	USA).	Genotyping
analyses	 were	 carried	 out	 in	 a	 StepOnePlusTM	 Real-Time	 PCR	 System,	 with	 varying	 PCR	 conditions	 depending	 on	 the	 requirements	 of	 each	 probe.	 The	 genotype	 of	 each	 sample	 was	 determined	 by	 measuring	 allele-specific
DNA
perform selected
fluorescence,	 using	 SDS	 v2.3	 software	 for	 allelic	 discrimination	 (Applied	Biosystems,	 Foster	City,	USA).	 For	 quality	 control,	we	 included	 a	 negative	 control	 and	 a	 trio	 of	 samples	with	 known	 genotype	 (major	 allele	 homozygous,
heterozygous	and	rare	allele	homozygous)	in	each	96-well	plate.
2.4	Sequencing	of	MC1R	coding	region










Variant Nucleotide	change Functional	analysis Prediction	analysis Polyphen	score Reference
R	alleles
D84E c.252C	>	A Yes – – Beaumont	et	al.	[23]
R142H c.425G	>	A Yes – – Beaumont	et	al.	[23]
R151C c.451C	>	T Yes – – Beaumont	et	al.	[22]
I155T c.464T	>	C Yes – – Beaumont	et	al.	[23]
R160W c.478C	>	T Yes – – Beaumont	et	al.	[22]
D294H c.880G	>	C Yes – – Beaumont	et	al.	 [22]
Q30X c.88C	>	T No No – Guan	et	al.	[24]
C35Y c.104G	>	A Yes – – Fargnoli	et	al.	[32]	and	Fernandez	et	al.	[29]
S41F c.122C	>	T Yes – – Pérez	Oliva	et	al.	[28]
S83P c.247T	>	C No Yes – Kanetsky	et	al.	[26]	and	Ibarrola-Villava	et	al.	 [36]
S83L c.248C	>	T Yes – – Ozola	et	al.	[27]
G89R c.265G	>	C Yes – – Ozola	et	al.	[27]
M128T c.383T	>	C Yes – – Pérez	Oliva	et	al.	[28]
L135R c.404T	>	G No No 1.000 NEW.	Never	reported/not	found	in	SNPs	databases
Y152X c.456C	>	A Yes – – Fargnoli	et	al.	[32]
Q233X c.697C	>	T No No – Martinez-Cadenas	et	al.	[35]




P268R c.803C	>	G No Yes – Ibarrola-Villava	et	al.	[25]
r	alleles
V60L c.178G	>	T Yes – – Beaumont	et	al.	[23]	and	Herraiz	et	al.	[30]
V92M c.274G	>	A Yes – – Beaumont	et	al.	[23]	and	Herraiz	et	al.	[30]
R163Q c.488G	>	A Yes – – Beaumont	et	al.	[23]	and	Nakayama	et	al.	[31]
L24M c.70C	>	A No No 0.863 NECTAR	(http://nectarmutation.org)
F45L c.133T	>	C No Yes – Ozola	et	al.	[27]	and	Ibarrola-Villava	et	al.	[25]
L46V c.136C	>	G No No 0.741 Ensembl	(www.ensembl.org)
R67Q c.200G	>	A No Yes – Fargnoli	et	al.	[32]
T95M c.284C	>	T Yes – – Ozola	et	al.	[27]
I120T c.359T	>	C No Yes – Fargnoli	et	al.	[32]
V122M c.364G	>	A Yes – – Jimenez-Cervantes	et	al.	[33]
V156A c.467T	>	C No No 0.784 Kanetsky	et	al.	[26]
V193L c.577G	>	T No No 0.567 Ensembl	(www.ensembl.org)
N279K c.837C	>	A No Yes – Fargnoli	et	al.	[32]	and	Ibarrola-Villava	et	al.	[25]
p	alleles
G32R c.94G	>	A No No 0.299 NEW.	Never	reported/not	found	in	SNPs	databases
S47T c.140G	>	C No No 0.003 Garcia-Borron	et	al.	[57]
A57V c.170C	>	T No No 0.001 Ensembl	(www.ensembl.org)
G89E c.265G	>	A No No 0.170 Ensembl	(www.ensembl.org)
M128V c.382A	>	G No No 0.019 NECTAR	(http://nectarmutation.org)
A167T c.499G	>	A No No 0.024 Ensembl	(www.ensembl.org)












































N % N %
Sex
Female 128 48.12 132 68.75 9.00E-06
Male 138 51.88 60 31.25
Unknown 0 0.00 0 0.00
Sun	exposure
Never 22 8.27 17 8.85 0.438
Intermittent 134 50.38 106 55.21
Habitual 109 40.98 65 33.85
Unknown 1 0.38 9 4.69
Skin	Phototype
III/IV 203 76.32 69 35.94 9.20E-18
I/II 63 23.68 121 63.02
Unknown 0 0.00 2 1.04
Childhood	sunburns
No 126 47.37 37 19.27 3.52E-09
Yes 138 51.88 145 75.52










Gene SNP	 rs	No. Genotype Non -freckled	individuals Freckled	individuals P-valuea OR	(95%	CI) R2	(%)b Rankc# 	
N % MAF HWE	P-value N % MAF
ASIP rs4911442 AA 233 87.59 0.062 0.264 153 79.69 0.109 0.044 reference 1.01 4
AG 29 10.90 36 18.75 1.89	(1.11–3.21)
GG 2 0.75 3 1.56 2.28	(0.38–13.83)
ND 2 0.75 0 0.00
BNC2 rs2153271 TT 68 25.56 0.476 0.222 61 31.77 0.406 0.067 reference 0.87 5
CT 143 53.76 106 55.21 0.83	(0.54–1.27)
CC 55 20.68 25 13.02 0.51	(0.28–0.91)
ND 0 0.00 0 0.00
IRF4 rs12203592 CC 207 77.82 0.117 1.000 100 52.08 0.275 1.81E−05* reference 5.92 2
CT 56 21.05 77 40.10 2.49	(1.57–3.94)
TT 3 1.13 14 7.29 6.56	(1.68–25.54)
ND 0 0.00 1 0.52
KITLG rs12821256 TT 243 91.35 0.041 1.000 175 91.15 0.034 0.417 reference 0.11 9
CT 21 7.89 11 5.73 0.73	(0.34–1.56)
CC 0 0.00 0 0.00 –
ND 2 0.75 6 3.13
MC1R R	alleles 0/0 214 80.45 – – 110 57.29 – 7.05E−08* reference 6.91 1
0/1 38 14.29 64 33.33 3.26	(2.05–5.18)
1/1 2 0.75 13 6.77 11.61	(2.55–52.83)
ND 12 4.51 5 2.60
MC1R r	alleles 0/0 154 57.89 – – 92 47.92 – 0.039 reference 1.09 3
0/1 86 32.33 77 40.10 1.49	(1.01–2.24)
1/1 14 5.26 18 9.38 2.15	(1.02–4.53)
ND 12 4.51 5 2.60
SLC24A4 rs12896399 TT 92 34.59 0.439 0.033 58 30.21 0.479 0.521 reference 0.21 7
GT 113 42.48 85 44.27 1.20	(0.77–1.85)
GG 60 22.56 49 25.52 1.33	(0.80–2.19)
ND 1 0.38 0 0.00
SLC45A2 rs16891982 GG 209 78.57 0.133 0.002 154 80.21 0.130 0.690 reference 0.12 8
CG 43 16.17 26 13.54 0.82	(0.48–1.39)
CC 14 5.26 12 6.25 1.16	(0.52–2.59)
ND 0 0.00 0 0.00
TYR rs1393350 GG 75 28.30 0.239 1.000 58 30.21 0.259 0.777 reference 0.08 10
AG 134 50.57 102 53.13 1.10	(0.75–1.63)
AA 56 21.13 32 16.67 1.27	(0.58–2.78)
ND 1 0.38 0 0.00
TYR rs1042602 CC 154 57.89 0.464 0.902 105 54.97 0.432 0.485 reference 0.23 6
AC 97 36.47 73 38.22 0.98	(0.64–1.51)
AA 15 5.64 13 6.81 0.74	(0.42–1.28)

















Gene SNP	rs 	No. Variable OR	(95%	CI) P-valuea OR	(95%	CI) P-valuea
MC1R R	alleles 1/0 4.18	(2.49–7.02) 6.66E-08 4.21	(2.48–7.15) 1.02E-07
1/1 21.51	(4.50–102.79) 1.20E-04 21.94	(2.48–105.16) 1.12E-04
IRF4 rs12203592 CT 3.28	(2.05–5.26) 7.75E-07 3.26	(2.02–5.27) 1.43E-06
TT 15.51	(3.26–73.76) 5.65E-04 14.63	(3.06–70.10) 7.81E-04
MC1R r	alleles 1/0 2.08	(1.30–3.32) 2.20E-03 2.05	(1.28–3.30) 2.92E-03
1/1 3.45	(1.51–7.87) 3.20E-03 3.39	(1.43–7.99) 5.35E-03
s
#
ASIP rs4911442 AG 2.26	(1.22–4.17) 9.27E-03 2.38	(1.28–4.45) 6.49E-03
GG 3.65	(0.35–38.40) 0.281 5.15	(0.47–56.62) 0.181
BNC2 rs2153271 CT 0.91	(0.55–1.49) 0.706 0.98	(0.59–1.63) 0.937
CC 0.45	(0.23–0.90) 0.023 0.48	(0.24–0.97) 0.040
















Prediction	model Phenotype Predicted	phenotype Totalb Prediction	accuracy	parameters
Freckled Non-freckled AUC Sensitivity	(%) Specificity	(%) Accuracy	(%)
Sex-based	prediction	modela Freckled 55 37 92 0.809 59.79 89.12 74.61
Non-freckled 12 89 101
Total 67 126 193









































Interestingly,	we	 found	a	much	higher	prevalence	of	ephelides	 in	 females	 than	 in	males.	Previous	studies	have	also	stated	discrepancies	 in	human	pigmentation	and	sunlight	sensitivity	 traits	between	sexes	 [19,35,49–52].










validation)	 and	 generalisability	 (external	 validation)	 of	 the	 developed	prediction	model	 are	 necessary	 in	 order	 to	 avoid	 overfitted	models	 [56].	However,	 application	 of	 a	 prediction	model	 should	 only	 be	 considered	 after	 proving
adequate	accuracies	in	an	independent	dataset.	For	this	reason,	the	discrimination	ability	of	the	newly-generated	prediction	model	was	assessed	by	comparing	the	observed	and	predicted	outcomes	in	a	new	dataset.	As	usually	noted	in
most	external	validations,	a	slight	decrease	of	the	overall	prediction	accuracy	was	observed	(from	76.32%	to	74.61%).















It	 is	also	 important	 to	note	 that	predicting	complex	phenotypic	 traits	 from	DNA	studies	remains	a	difficult	 task	even	 if	all	genetic	 loci	 involved	–	and	the	 interactions	among	them	–	are	 taken	 into	account,	 since	different
environmental	factors	may	always	have	a	considerable	effect	(for	example,	the	effect	of	UV	exposure	on	freckle	occurrence).
5	Conclusions


























































































































No	 significant	 contribution	 to	 freckling	 prediction	 in	 adulthood	was	 noted	 for	 r	 variants,	 suggesting	 that	 other	 unknown	 predictors	 could	 have	 an	 independent	 additional	 impact	 on	 the	 freckling	 phenotype	 in
adulthood.	Interestingly,	after	adjustment	by	IRF4	rs12203592	(the	most	associated	genetic	predictor	for	freckling	in	adulthood),	the	minor	allele	of	SLC45A2	rs16891982	was	weakly	associated	with	the	absence	of





MDR	analysis	 for	 locus–locus	 interaction	detection	 indicated	 that	 the	 best	 freckle	 prediction	model	was	 composed	by	 four	 genetic	 variables	 and	 sex	 (BNC2	 rs2153271	was	 not	 included).	 The	 locus–locus
interaction	analysis	showed	a	redundant	interaction	between	R	variants	in	the	MC1R	gene	and	rs12203592	in	the	IRF4	gene,	denoted	by	the	blue	lines	connecting	these	two	genetic	determinants	in	the	dendrogram
(Fig.	 S2).	However,	 the	 inclusion	 of	 this	 genetic	 interaction	 in	 our	 freckle	 prediction	model	 did	 not	 significantly	modify	 the	 prediction	 capacity	 using	 a	 repeated	10-fold	 cross-validation	 approach	 (AUC	=	0.768,
specificity	=	83.20%,	sensitivity	=	61.27%,	and	accuracy	=	75.45%).
at
Multimedia	Component	1
Fig.	S1	Examples	of	heavily	freckled,	lightly	freckled	and	non-freckled	individuals	of	Mediterranean	origin.
Multimedia	Component	2
Fig.	S2	Analysis	using	MDR	software	of	locus–locus	interactions	influencing	the	freckling	phenotype	in	A)	childhood	and	B)	adulthood.	Blue	lines	shown	in	entropic	dendrograms	represent 	redundant	interactions.s
Highlights
• Prediction	of	human	appearance	from	DNA	is	a	useful	tool	to	identify	unknown	persons.
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• Genetic	variants	in	MC1R,	IRF4,	ASIP	and	BNC2	contribute	to	freckling	in	Spain.
• A	preliminary	DNA-based	prediction	model	for	the	presence	of	ephelides	is	developed.
• Accuracy	of	the	newly-generated	freckle	prediction	model	is	reasonably	high.
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